The durability of building materials in their environment has to be considered in the design of new concrete structures requiring a long service life like bridges, tunnels, and radioactive wastes containers. The leaching by water is one of the main parameters of durability. The leaching kinetics strongly depends on material parameters. The effect of mineral additions on Portland cement behavior and the role of cement-to-water ratio were experimentally studied. A total of nine various cement pastes with three cement types (Portland cement, Portland cement with 8% silica fume, and a ternary cement with 57.2% Portland cement, 21.4% slag and 21.4% fly ash) and three water-to-cement ratios (w/c=0.25, 0.4 and 0.5) were leached by pure water during 114 days. Samples were mainly investigated by DTA and SEM. Experimental results clearly show the beneficial effect of mineral additions and low water-to-cement ratio. Finally the effect of the leaching on the elastic modulus was successfully modeled using NIST microstructure models.
Introduction
Nowadays, a service life over 60 years is a criterion increasingly taken into account in the design of building constructions. So these constructions must secure a strong durability. Blended cements, well known for their good physical and mechanical properties, have already been largely advised. In this paper we consider one case of concrete degradation, the leaching by water. This phenomenon relates to structures in direct contact with water (like dams and water pipes) as well as structures which may, one day, be in contact with water as radioactive waste depositories. The beneficial effect of silica fume on the leaching kinetics of cementbased materials was shown by some authors [1] [2] [3] [4] [5] . However, the effect of fly ash and slag with respect to leaching is not well understood. In a general way, data found in the literature result from leaching tests performed according to various procedures. However, the leaching kinetics largely depends on the used protocol [5] [6] . Thus, it is difficult to comparatively analyze these data and quantify the effect of such an addition or such a w/c ratio on the leaching kinetics. This paper presents a study on the effect of mineral additions, such as silica fume, fly ash and slag as well as the role water-to-cement ratio (w/c), on the leaching kinetics. Cement pastes were leached using the same experimental protocol. Then, they were analyzed by DTA and SEM. Finally, the effect of the silica fume and w/c on the elastic modulus of leached samples was quantified by using the NIST microstructure models. Paste cylinders (70mm in diameter and 140mm in length) were cast and then covered with a plastic film, to avoid evaporation, during 24 hours. Then, they were stored for 3 months in a climatic chamber at 100% of relative humidity and 20°C and finally immersed in lime saturated pure water for 2 months. Just before leaching, prisms (20 mm x 20 mm x 30 mm) were cut in the center of cylinders in order to avoid edge problems and to get homogeneous specimens.
Leaching procedure
Leaching in pure water was performed in a PTFE container of one liter volume ( Figure 1 ) [5, 7] . Samples were put on a PTFE grid and stored for 114 days. The pure water in the container was continuously renewed through a water circulation system with the flow of 1 liter per day regulated by a peristaltic pump. The aggressive water was bubbled using nitrogen gas to avoid any risk of carbonation. Each container contained one specimen only. The nine containers were placed in a drying oven at 26°C. Figure 1 : leaching protocol used in this study [5, 7] Sample Graduaded tube
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Pure water Pump 1l/day 2.3 Characterization a) sound materials: DTA and porosity measurements The leaching phenomenon is highly related to the material diffusivity and to its content of soluble hydrates [8, 9] . The ionic diffusivity is related to the porosity of the material [10] . The portlandite is an important mineral to be considered as it is the first hydrate to dissolve. Its dissolution front gives the leached depth [8] . Thus, porosity and portlandite content are two main parameters which were investigated in this study.
The water-filled porosity was determined from two weight measurements, one on saturated specimens, the other on dried samples. The drying temperature was fixed at 105°C. The portlandite (CH) content of the three cement pastes was determined from DTA thermograms. Powdered samples from the sound zones of the nine leached specimens were scanned from room temperature to 1100°C at a scan speed of 10°C per minute with 60 minutes-stop at 100°C. Argon gas was used during the thermal tests to avoid any risk of carbonation. b) leached materials: binocular magnifying glass and SEM After the leaching test, the degraded specimens were covered with an epoxy resin for consolidating and preserving the weak surface layer. Then the covered samples were cut out from the center and cut surfaces were observed using a binocular magnifying glass in order to measure the leached depth. The scanning electron microscope (SEM) was used to observe the microstructure of the cut leached samples. The surfaces were polished and then coated with carbon.
Modeling of the elastic modulus
Two NIST models, CEMHYD3D and ELAS3D, quantified the dissolution effect of portlandite (CH), ettringite (AFt) and monosulfoaluminate (AFm), on the cement paste elastic modulus. CEMHYD3D is a three-dimensional cement hydration and microstructure development modeling package. ELAS3D is a finite element linear elastic code developed for computing the linear elastic properties of random materials whose microstructure has been stored in a 2D or 3D digital image. These programs have been described in detail by Bentz [11] and by Garboczi [12] respectively.
Only pure Portland cements pastes and silica fume pastes with different w/c ratios were simulated. We performed by steps. First, the three-dimensional microstructure of the unleached paste was built by using the CEMHYD3D program. The cubic hydration volume was 100 3 μm 3 or 10 6 voxel elements. The hydration process was voluntary stopped when portlandite content reached the value determined by thermal experiments. Then, the leaching of CH, AFt and AFm was simulated by replacing their pixels by those of water. Finally, the Young's modulus of the unleached and leached microstructures obtained in the previous steps, was computed using the ELAS3D code. The elastic modulus of each voxel was defined by its corresponding phase. The elastic modulus (E) and Poisson's ratio (ν) values of the principal phases used in the ELAS3D program (1 % to 2 % uncertainty in all values) are given in table 2. Table 3 gives the measured water-filled porosity of the nine cement pastes. This porosity increases with w/c. However, for the same w/c, the measured porosity is almost the same and does not appear to be influences by the type of cement. Previously, Uchikawa [17] showed a similarity in the total porosity of composite cements but a difference in the pore size distribution. In fact, although the total porosity is almost the same for the different cement pastes, blended cement pastes contain more small pores than Portland cement paste. Our measures cannot offer this distribution. Table 4 gives the calculated values of CH content for the nine cement pastes. At the same w/c ratio, cement pastes with silica fume contain less portlandite than pure Portland cement pastes because of the well-known pozzolanic effect of silica fume [18, 19] . However, the low quantity of silica fume (7.7%) is not sufficient to consume all the CH. Cement pastes with slag and fly ash contain much less portlandite. This is principally related to the dilution effect due to the low Portland cement content (57.2%) but also because of the low pozzolanic effect of fly ash and slag [19, 20] . The results clearly show the high reactivity of silica fume compared to fly ash and slag. For the same type of cement, the CH content increased with w/c until a value equal to 0.4. Then a slight increase was observed. In fact, for the low w/c ratio, inferior to 0.4, added water involved hydration of the remaining anhydrous grains of cement which formed more CH. Over a w/c value of 0.4, the cement grains were well-hydrated. Almost all possible CH was already formed and added water was not able to give CH anymore.
Results and discussions
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Leaching kinetic measures
According to several authors, the leaching degradation is characterized by successive fronts of hydrate dissolution delimiting different zones of different mineralogy. The maximum leached depth is given by the portlandite dissolution front [8] . The leaching kinetics corresponds to the evolution of this first front with time. This front corresponds very probably to the portlandite dissolution front. The leached depth seems to be homogeneous on all the sample surfaces exposed to water. However, its value depends on the cement paste composition. Leached zones ratio and on cement type. For all the cements, the leaching kinetics increases with w/c. The leached depth of Portland cement after 114 days is found equal to 1.8 mm for w/c=0.5, and 0.8 mm for w/c=0.25 which corresponds to a decrease by a factor of 2.25. The effect of w/c can be explained by the increase in capillary porosity which itself increases ionic diffusivity through the material and thus the leaching kinetics. For the same water-to-cement ratio, the samples with mineral additions are more resistant to leaching. This better resistance is clearly observed in cement pastes with fly ash and slag and can be relates to the low portlandite content. The more the CH content, the faster the leaching kinetics. In fact, a low CH content involves a low increase of the porosity and consequently a low diffusivity of the aggressive water through the material. Adenot [8] has previously proved that the leaching phenomenon is governed by a diffusion mechanism. So the leaching kinetics, in 1D degradation, in the case of constant boundary conditions and in a semi-infinite medium, follows a square root of time law. The leached depth "Xd" in this case can be expressed by t a Xd = , where "a" is a kinetic constant and t the time. The leaching kinetic parameter, a, of the nine cement pastes with w/c = 0.25, 0.4 and 0.5 and with three cement types are given in table 5. These values allow readers to make simulations predicting the leached depth of cement pastes similar to those used in this paper and leached in the same environmental conditions (renewed pure water at 26°C) at different leaching duration. 
SEM observations
Under SEM, the leached zone of different degraded samples is easily identified by its texture more porous than that of the sound zone. The larger porosity is certainly due to the dissolution of hydrates and mainly the portlandite.
The observation of the silica fume cement paste shows an absence of silica fume particles which indicates that almost all these particles have first reacted with portlandite then formed a pozzolanic C-S-H. However, for the fly ash and slag cement pastes, a lot of slag grains are still observed in the all zones of the leached sample, i.e. in the sound zone but also in the external zone which is very degraded (Figure 4) .
The remaining anhydrous slag indicates a low hydration rate as already observed in 6-years old cement pastes [20] . Inversely, slag grains observed in the much degraded zone of our samples points out their high resistance and moreover if we compare their behavior to anhydrous C 3 S grains which completely dissolved in Portland cement pastes leached by pure water [4] . The slag stability in the degraded zone of our samples is very probably due to the presence of the magnesium element [21, 22] . Particles of fly ash also appear stable as they are still observed in the much leached zone. 
Elastic modulus numerical simulations
The effect of the leaching process on the evolution of the elastic modulus of cement-based materials has been the subject few investigations. The found experimental values correspond to the elastic modulus of the leached zone [2] . It is difficult to experimentally quantify the effect of the dissolution of one or several phases on the variation of the elastic modulus. However, the NIST models make it possible. From the 3D simulated microstructures of Portland cement pastes, 2D images were generated for illustration as in Figure 5 which presents 2D images of the simulated Portland cement with w/c=0.4 before and after CH dissolution. Each color in this image corresponds to a specific phase. The orange voxel elements represent C-S-H and the white ones correspond to CH. The image obtained after the portlandite leaching clearly shows that the CH (in white) dissolution significantly increases the porosity (in black). The additional porosity depends on the initial CH content. Previously, using CEMHYD3D model, Bentz and al. [23] have shown the important effect of CH dissolution on the porous network percolation of tricalcium silicate cement pastes. As it is well known the increase of porosity will involve a decrease in strength and consequently in the elastic modulus. Table 6 gives the elastic modulus E values computed by ELAS3D for the unleached and leached Portland and silica fume cement pastes. Results clearly show an important decrease of the elastic modulus in the leached cement pastes. The reduction rate depends on the water-to-cement ratio and silica fume addition. To highlight and quantify the effect of the CH, CH and AFm, CH and AFm and AFt dissolution on the reduction in the Young's modulus, we calculated the leached-to-unleached cement paste elastic modulus ratios, as shown in Figure 6 . The results clearly indicate the important effect of the portlandite dissolution on the E decrease. A reduction of more than 50% due to the CH dissolution is found for the Portland cement pastes with w/c=0.5. For the two other hydrates, AFm and AFt, their dissolution caused a much lower decrease in E because of their low original volume fraction. The pastes with silica fume have a higher residual elastic modulus value because of their low initial CH content related to the pozzolanic reaction of the silica fume. For all the pastes, the value of Young's modulus found after leaching decreases when w/c increases. 
Conclusions
-Pure water may be a very aggressive medium to concrete. The leaching kinetics largely depends on two main parameters:
(1) the nature of cement and more particularly the content of calcium hydroxide precipitated during hydration; (2) the water-filled porosity, function of the water to cement ratio.
-Among the three industrial cements investigated, it is the ternary cement with 57.2%OPC, 21.4%slag, 21.4%fly ash which is the most resistant to water leaching. However the silica E/E sound E/E sound CH leached CH and AFm leached CH, AFm and AFt leached fume cement with 8%silica fume is close to the ternary cement and far from Portland cement when the leached depth is concerned.
-The above classification related to the resistance to water leaching: ternary cement with slag and fly ash>cement with silica fume>Portland cement remains the same whatever the water to cement ratio although the depths are lower at lower w/c.
-A leaching kinetic parameter can characterize every cement if the water leaching is considered as a diffusion process governed by a square root of time law.
-Experiment and modeling are able to predict the evolution of the cement microstructure and Young modulus under water leaching. The NIST models CEMHYD3D and ELAS3D relate the portlandite dissolution and the consequent increased porosity to the decrease of the elastic modulus. Again Portland cement is more altered than the cement with silica fume, mainly due to its higher CH content.
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